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Sixth-Quarterly Report
Jenuary 15, 1263
DEVELOPMENT OF LOW TEKNFLIATURR DIZLECTRIC CCATINGS
reRr
ELECTRICAL CCNDUCTC?S
INTRODUCTION

The evaluation of the effect of thermsl aging on the verform-
ance of wire insulation at cryogenic temperatures constitutes the
ma jor effort of the present work. The procedures and test facilities
were described in the fifth quarterly report dated October 15, 1961.

‘This sixth report summarizes flexibility and dielectric neasurements.

obtained to date on wires aged in air at 120 C and 250 C and in a
vacuum of* between 10-2 and 10-0 Torr at 120 C. Breakdown measure-
ments are in progress and willl be reported in the seventh quarterly
report. The thermal aging program continues.

Preliminary tests in the study of the crushing of wire in-
sulatlion at ceryogenic temperatures asre described in this report.

The program includes also the development and evaluation of
flat ribbon cable for cryogenic avplications. Test results for
several types are reported, :

The dielectric evaluation of cryogenic liquids has been de-
layed by the pressure of other work. However, ideas for swmplified
approaches have been déveloped and will be tried in the coming

‘quarter,

SUMMARY AND CONCLUSIONS

As a general observation it is interesting to note that at the
start of the subject program relatively little information existed
on the properties of non-metalllic materiacls at cryogenic temperatures;
Catallzed at least in good part OJ this program, a number of other
investigations on several types of non-metallic materials at cryogenic

,temperatures are now underway.

' Wire Evaluation

The remarkable properties of ML insulation at c¢ryogenic
temperatures continue to be born out =3 ev~sluation continues, The
intrinsic liability of possible poor continuity in a solution.coated
wire appears to be the only limitrticns., Such a limitation will be
of functional importance only 1if disccntinuities by chance register
in the bundled construction. For crro onic applications 1t seems
feasible to dilelectricly test lengths . such bundled conductors so
as to eliminate any with discontinuities in contact.
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To the superior mechanical floxibility of ML a2t 4.2 X con now
be added the awmazingly good nerforu’nco under crushing strecc ns
well. The proposed study of crushin. resistance in which sheor is

" corbined with compression seems importrut since such conditicns may

exist in practicnl situations.

If & positive gspacer 1s needed of rreater thickness than is
feasible with film coating (triple ML is available), the aluminumx

phosphate inorganic bonded and the ML coated felted asbestos
‘insulations can be used, which also possess superior electrical and

mechanical propertles at cryogenic temperatures. Such asbestos
insulation is limited by poor electrical properties and moisture
resistance at more normal temperatures. Such problers can be allevi-

~ated by using the asbestos insulation over an ML coatlng with possi-
‘ble advantage in some applications.

InorganicAaluminum-phosphate ponded asbestos has obvious ad-
vantages for applications involving atomic radiation. However,

information from other sources continues to show relatively :00d

performance of ML and H film under radiation also.

Thermal and Vacuum Aging

Perhaps the most important conclusion to be drawn from the
quarter 8 work concerns the absence of adverse affects due to
vacuum in thermal aging. In fact, quite the reverse is true since
the absence of oxygen prolongs the high temperature 1ife of wany
organic insulating materials as 1llustrazted in thls case by Formex.
The improvement in thermal aging to be had be eliminating oxygen
has been known for many years. In contrast, the dire prophesies
of the prophets of doom concerning the adverse effects of snace
environment on the performance of insulating materials do not stand
up in the light of experimental fact, Based upon the physics of
partial pressure, 1t seems exceedingly unlikely that reducing

pressure beyond that used in this program will produce unexpected
adverse effects.* In fact, pressures of the order of a few mm.

of Hg may be more 1mportant because of the presence of oxygen and

‘the possibility of glow discharge at relatively low voltages.

The excellent thermal capabllity of ML insulatlon has been

.recognized based on other work but it is useful to record that

am w=wolilla FAR—=ARR Y e

this superiority persists when measurements on thermally aged wires
are made at liquid helium temperatures. However, it is alsc apparent

" that changes in ML produced by thermal aging may be detected with

flexibility measurements at cryogenic temperature before they can
be detected. at room or elevated temperatures,

As éxpected on the basis. of other work the cryogenic perform-
ance of ML and the asbestos insulated wires 1s essentlally unaffected
by 60 days exposure at 250 C except for slight effects apparently

‘introduced by development of copper oxide at the interface between

- # This conclusion does not hold necessarily of course for other

areas beyong the scope of this work such as lubrication, contact
sticking, etc. on which the author is-unqualifled to comment.
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the conductor and the insulation. If such oxidation 1s expected

+ "An service, aluminum or nickel coated copper should probably be
. used if loss of insulation adhesion will be functionally important.
The oxidation does not appear to affect the performance of extruded

Teflon coatings which 1s somewhat inferior to ML and asbestos in
flexibility at cryogenic temperatures.,

Obviously neither PVC nor Formex can be expected to perform‘
adequately at 250 C. The initial poor flexibility of PVC also rules
it out if such condltions must be met in cryogenic applications.

_ The very poor flexibility of Formex in 1liquid helium after aging in

air for 60 days at 120 C came somewhat 'as a surprise to the author
(evaluation at room temperature does of course show some but not
serious degradation). The lack of apparent degradation of the PVC
as measured at room temperature after aging 60 days at 120 C in
both air and vacuum is interesting and the results after 120 days
will be in consequence of great importance. '

Flat Ribbon Cable

- The superior performance of H film in ribbon cable supports
the attempts to obtain additional constructions utilizing this
material. It is suggested also that H film may be very useful in the

~outer insulation layer over bundled conductors (outside the scope
- of the subject work). -

The geometry of ﬁhe ribbon cable, as expected, 1s important

' in determining the flexibility at cryogenic temperatures. It 1is

recommended that minimum thickness of both conductor and insulating

‘film. be used 1n the construction of ribbon cable for cryogenic

applications.

OBSERVATIONS AND SUMMARY OF TEST RESULTS

Wire Evalustion

" Flexibility

The effect of thermal aging on the flexibility of wire insulation
measured after immersion in liquid helium (4.2 K) is summarized in
Table I and given in detail in Table II. After 60 ‘days in alir at
250 C the copper is oxidized under the insulatlon 1n every case.
The black oxide generally loses adhesion for the underlying copper

- (which may have an adherent layer of red oxide) and may adhere in-

stead to the insulation so that flexibillity may be impaired. Such

- effects are noticed when both the ML and the asbestos coatings are

bent about small mandrels. The ML insulation develops radial cracks
but does not spall off the wire. It maoy tend to tube a little. The
asbestos felting on the 1/8" or 1/4" mandrel may open up more than
it does bvefore thermal aging. In other respects Teflon, ML and the
asbestos coatings possess remarkadble resistance to thermal aging at
250 C. As expected neither FPVC (plasticized polyvinyl chloride%
nor Formex (polyvinylformal) can withstand 60 days at 250 C without
serious degradation.
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-during the thermal aging of PVC but rather a "threshold"

-6

After 60 daysiét_120 C no significant change in the‘flexibility

~at cryogenic temperatures occurs for ML, Teflon or the asbestos

coatings as would be expected from their recognized thermal capaﬁility

~and excellent performance at 250 C. ©Since PVC 1s so brittle anyway

at 4.2 K, changes after aging at 120 C, if they occur, cannot be.

evaluated.: However, it should be noted from the results in Table III,

that the room temperature flexibility of PVC is not adversely.
affected after aging 60 days at 120 C. The aging of PVC in other
studies has been found to relate to plasticizer characteristics and
to the effectiveness of the inhibitor against formation of HC1.
Decreased flexibility does not seem generally to develoP gradually
occurs at
which brittleness develops suddenly. It will be interesting to see

if this threshold is reached in 120 days at 120 C (the next aging

period). It is noteworthy that the hard vacuum did not cause a
sufficlent loss of plasticlzer at 120 C to produce enbrittlcment.
It 1s probable that not much outgessing occurred after the first
sevgral days at 120 C. For the first féw days a vacuum_of about
10=4 was held which improved rapidly 4o Detter than. 10"5 and then
improved more 8lowly to about 2 X 10-% Torr.

In contrast the difference in the aging of Formex in air and
vacuum at 120 C 1is marked, As has been observed before, particularly
with tests in nitrogen, oxygen (in 2ir) hzs a deleterious effect.
Certainly any possible effect that vacuum may have in removing

- volatile components is more than overbalanced by the absence of

degradatlion from oxidatlion. The relaotively greater degradation

of Formex in air as compared to vacuum is demonstrated both at cryo-
genic temperature (Tables I and II) and at room temperature (TableIII).
There 1s no evidence of the presence of appreclable black copper
oxide on the wires aged in air at 120 C., Other work indicates that
such oxide does not form at temperatures much below 175 C.

Dielectric Properties

Capacltance and dissipatlion factor measurements have been made
on the cabled test speclimen described .in the fourth quarterly and
final report dated July 16, 1962 and shown as Fig. 1 and Photo. 1
of that report. The samples were made before aging and a shrinkable
Teflon rather than PVC tubing (Thermofit) was used in the assembly.
The samples were handled as carefully as possible since it is
recognized that mechanical disturbance would affect the mezsured
values,

In this series, the measurements at 1 Kc have been made with
a new General Radio transformer ratio arm bridge which permits three’
terminal measurement of much lower values of dissipation factor than
the previously used Wayne Kerr brid:e particularly with small values
of capacitance. 4s noted in the [ootnote ol Table IV, the bridce
sensitivity for dissipation factor at 1 Kc 1s at least .00005. It
ls amazing that nearly every vealue measured on the thermally aged
wlre samples 1s belcw even thls tremendous sensitivity. A number
of cross-checks have been madec witly the Woyne Kerr bridge. Very
close agreement in capacitance 1s obtained and in dissipation factor
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Table III

Repeated Mandrel Flexibility Tests in Air at Room Temperature
after
Thermal Aging

Aged 60 days, 120 C ' Aged 60 days, 120 C
_In Alr In Vacuum
Heavy 1/8" Falled - Splits & peels off No damage - Formex .
' Formex 1/4% " " " " 1looks tight at cut ends
1/2" No damage* " " " L
3/4 " " " #* " _ " LU " "

1 " " 1) 4% ’ " " # " "

# Although no damage 1is shown
in the flexed area the cut ends
of the wire look as though the
Formex 1s loose and might split
easily as it did on the 1/8" &
1/4" mandrels.

PVC 1/8" No damage No damage
“1/4" No test e
1/2" No test oo
3/4" No Test
1"  No damage

Note: No effect of thermal agilng on room temperature flexibility
was expected or noted for Teflon, HML or the asbestos insulated

wires.
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at values within the range of the Waovne Kerr bridsge. It is recognized
now that some of the very low values of discsipation factor cbtained

" earlier in the program with the Wayne Kerr bridge have been 1ore or

less in error. Such very small errors hove 1ittle or no significant
ameaning in terms of the conclusions to be drawn.

Dissipation factor measurements at 23 C and 4.2 K before and
after aging are reported in Table IV. It must be rememberec that
for the cabled sample the dissipation factor 1s related to the
sample configuration and 1is not the value for the material itself.
(though close to it). The value is useful for comparison and it
also indicative of the practical situation in which wire samples
are cabled together., However, the changes indicated in Table IV
may have relatively little functional significance but are more
meaningful in terms of understanding the effect of thermal aging
and measurement temperature. All of the samples were allowed to
reach moisture equilibrium at 50% RH and 23 C

Table IV is useful in showing the effect of thermal aging on
the dissipation factor at room temperature. Only ML and aluminum
phosphate bonded asbestos were evaluated after aging at 250 C. The
small increase 1n dissipation factor for the ML insulatiocn may
indicate degradation but more likely is related to dielectric loss
in the copper oxide which develops: - on the copper surface under the .
ML coating. The considerable decrease in tan & with the asbestos
insulated wire probably relates to a permanent loss of water in the
aluminum phosphate bonding material.

The changes in dissipation at 23 C after aging at 120 C in air
and vacuum are more interesting. In example, the dissipation factor
of Formex increases after aging in air but shows no significant
change after aging in vacuum. In contrast ML 1s slightly improved
(lower dissipation factor) by aging in both air and vacuum at 120 C.
The Phelps Dodge ML initlally has a somewhot higher value ol dissi-
pation factor than the GE wire and is improved more by the thermal
aging. Du Pont has reported that room temperature dissipation factor
can be used to measure cure and on this basis the initial cure of
the GE wire would be considered to be better.

The slight increase in tan & for PVC after aging at 120 C may
indicate degradation which 1s not yet measurable in the mechanical
properties. The results after 120 days aging will be 1nteresting
in this respect. The small changes in the very low dissipation
factor for Teflon after aging are not believed to be significant.

The comparison in tan & at 23 C for the asbestos insulated
wires before and after aging at 120 C is interesting. The values
show no significant change for the ML ccated asbestos without
phosphate bond (the very small chenges probobly are due to cdlffer-
ences in humidity equilibrium). In ccntrast, the dissipation
Tactor of aluminum phosphate bonded asbestos is decreased markedly
by thermal aging at 120 C due probably to the permanent loss of
moisture from the aluminum phosphste., The somewhat greater decrease
in the values after aging in vacuum as compared to ailrwould seem to

~
v
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confirm the bellef that the loss of a volitile constituent like

- molsture is involved.

- The extremely low value of dissipation factor for the samples
measured in 1liquid hellum at 4.2 K maokes compsrison uselecs. It
does not seem significant that one Formex and two of the Teflon
samples could be measured while all o:r Lhe other values were below
the limits of sensitivity with an extremely sensitive bridse., From
the practical point of view the electrical loss at liquid helium
temperatures is so low that no practicsal problem should be encountered.

- Changes 1in capacltance, however, can be used to study the
effect not only of thermal aging but clso the effect of very low
temperatures., 1 should be noted in this respect also, that the
.values measured lnclude the effect of sample geometry and cannot
be translzted into values of dielectric constant. The measured
values of capacltance are given in Table V and comparison in terms
of ratios 1is given in Table VI which will be used here because it
is easier to comprehend.

It should be recognized that moisture, polar characteristics
of the materials and density =ifect the value of capacitance (as
well as geometry). For example on increase in density will increase
capacitance which probably explains the small increase ncted in
Teflon (a non-polar material) at liguid helium temperature. The
slight increase in capacitance for Teflon at 23 C after heat aging
may relate to small changes in geometry (thermal relaxation). In
contrast the more marked decrease in capacitance at 4.2 XK for Formex
and Darticularly PVC probably relate tc polar characteristics which
are "frozen out” at the low temperatures. Change in value for these
two materlals at 23 C after thermal aging are probably alsc due to
changes in sample geometry resulting from slight thermoplastic flow.

The lack of signiflcant change in the capacitance of ¥L insu-
lation is striking - even after aging at 250 C. It is known that
essentially no thermoplastic flow occurs with ML and the measure-~
ments confirm it. Cureapparently does not change capacitance as it
does dissipation factor. The lack ol change at cryogenic tempera-
tures 1is more surprizing and indicates little effect of molecular
polarization. The stability of capacitance with ML may %bve important
in some practical applications.

The changes in capaclitance for the asbestos insulated wires

‘confirms the explanation for the changes noted earlier in dissi-

pation factor - a permanent loss of moisture after aging 'at 120 C
decreases the room temperature capacitance for aluminum-phosphate
bonded asbestos and the decrease is greater after aging in vacuunm.
The large decrease in capacitance at 4.2 K for both asbestos insu-
lated samples indicates that at cryogenic temperatures the polar
3ffects of moisture in both aluminum phosphate and the asbestos are
frozen out" as has been noted in earlier reports.
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Studies of. Crushing

Faillures have sometimes occurred in larze magnet coils oper-
ating at cryogenlc temperatures. 7Tl'e f2ilures seem Lo have occurred
as the result of crushing in the insul-ition a2t cross-overs bhetwveen
wires. In consequence attempts hove vecn made to study this situ-
ation quantitatively. In this initial program, measurements have
been made at room temperature ana in liquid nitrogen. The test

_semple (wire) has been supported in a } round slotted anvil and

[ &)

subjected to pressure from either a .010 in. or .025 dia. plano wire
rod held in a small fixture and supported in an Instron tensile
machine so that the rod is held at a right angle with the wire. The
load 1s appllied from the Instron by a saddle arrangement through a
thin walled stalnless steel tube to minimize heat losses from the
test assembly which for cold tests is held inside a conventional
Dewar flask and kept cold by immersion in liquid nitrogen. The
assembly in the Instron (without the flask) is shown in Photo 1.

The anvil, rod and a spherical contact member to be used in future
studies are shown in Photo 2.

It was hoped that discontinuities in the stress-strain chart
made as load was applied to the sample could be used to indicate
the point at which cracking or crushing occurred in the insulation
of the test sample. 8So far such stress-gstrain curves have not
been sensitive to cracking which occurs for example in Formex but
the curves do indicate the gross shattering which occurs with PVC

in 1liquid nitrogen. :

To date, tests have been made with up to 70 pounds appliled to
the .,010 in. diameter rod and 500 pounds applied to HML insulated
wire using the .025 in. diameter rod. In 1liquid nitrogen PVC
insulated wire is so brittle that the weight of the saddle (4.7
pounds) on the rod will by itself produce cracking. Formex insu-
lated wire cracks and spalls in liquid nitrogen during the time
that 50 pounds is slowly applied to either size rod. The load at
which cracking actually occurred could not be determined from the
stress-strain chart and more tests will be needed to make a precise
determination., HML insulated wire in liquid nitrogen has not been.
damaged by TO pounds applied to the .010 in. rod or 500 pounds
applied to the .025 in. rod. PVC, Formex and HML are not damaged
by the loading tests when made at room temperature.

The rod loading tests deform the copper leaving a depression
to about half the diameter of the wire with the smaller rod and
substantially more with the large rod. It is amazing that ML
insulation is sufficiently ductile at liquid nitrogen temperature
Lo take such gross deformation without failure. Such gross deform-
ation is probably not representative of ai least most practical
sltuations. Consequently, the development of shear as well as
siraight compression load will be sttecmpted., The next measurement
will be made with a loaded ball supported between two wires as

)
szetched below, ///,,,_ loaded sphere

v
YN/ — wires supported in anvil
i) ,




e : —n i ——

[ JUNPRN TR — -

-

-l

Flat Ribbon Caoble

Mandrel flexibility tests for 2 polyester (Mylar) insulated
ribbon cable have been described in the Tifth quarterly report
(pages 5 & 6). In these tests cracking was obtained on g" and %"
mandrels but not on a 1" mandrel except where the sample was over-
stressed at the point of attachment. Similar tests for three other
ribbon cables are summarized in Table VII. Sample I made with H
£ilm (an aromatic polyimlde material from Du Pont with chemical
composition similar to ML enamel) exhibits superior performence.
Sample II with an exactly similar geometry to that of Sample I
but made with Mylar polyester film cracks on a larger mandrel
The much thicker Sample III cracks on a 1" mandrel despite con-
struction with FEP Teflon. The relatively poor performance is
assessed at least in part to the hecvier construction. -

Attempts are still being nmade to obtain H film insuloted [lat
ribbon cable hot bonded thermoplastically with thin FEP Teflon film.

Measurements on flat, ribbon cable have been limited so far to
mandrel flexibility which is believed to be the critical recuirement
for cryogenic applications, VWhen an optimum construction is decided
upon additional tests-are merited.

Dielectric Properties of Crvogsenic Liguids

Time has been unavailable during the quarter for breakdown
measurements on cryogenic liquids using the new test assembly
described in the fifth quarterly report. However, 1t now seenms
feasible to make useful capacitance and dissipation factor measure-
ments. The new General Radio bridge greatly improves the precision
possible for loss measurements, In addition, Mr. J. M. Atkins has.
made an ingenlious suggestion to use a hich voltage vacuum capacitor

" mounted in a glass envelope as an electrode system. A glass side

arm will be fused into the glass envelope so that a vacuum may be
drawn on the 1000 pfd. capacitor while immersed in a cryostat.
Pure helium, nitrogen or hydrogen can then be admitted and allowed
to condense around the electrodes, in this way accurate dielectric
constant and dissipation factor measurements should be relatively

- easlly made.

PROGRAM FOR JANUARY AND THE SEVENTH QUARTER

In January the voltage breakdown measurements of aged samples
will be continued. Dielectric measurements on aged samples will be
made in liquid nitrogen in the hope that the disslipation factor will
be within the sensitivity range of bridge and will provide useful

o information on the aging process. DStudics of cracklng resistance

will also be continued.

Samples aged in air and vacuum at 120 C will reach 120 days and
be removed for test early in March. 1lrony of the results ol such aging
should be available for the next quarterly report. In the next
quarter also, studies of the dielectric properties of cryogenic
liquids will be resumed. ‘
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Table VII
Repeated Mandrel Flexibility in Liquid Hellium
on
Flat, Ribbon Cable
Mandrel
Coble Dia.-In. : Remarks
I Polystrip (H-100-C-25) y Broke only where over stressed close

Resin Bonded H—Fil to mandrel attachment. No other

Conductor .003" X 040" domage. .

Spacing O. 100" : % Cracked only where over stressed as

above.
II Polystrip (P-100-6-12) 3 Complete Fallure - Film delaminates

"Resin Bonded Myl _ locsens and pulls off.

Conductor .003" X .040" 5 Cracks only where over stressed

Spacing 0.100" close to point of attachment to

) : mandrel. ' :
No other damage
| 1 Same as for % inch mandrel

III Polystrip-(TX4156-6e20) 1 'Tilm cracked across the strip at
- .010 in FEP Teflon spacings 3" to 1" apart.

Conductor .010" X .078
Spacing 0.150
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